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Arteriosclerosis, Thrombosis, and Vascular Biology

BASIC SCIENCES ®

Runx2 (Runt-Related Transcription Factor 2)
Links the DNA Damage Response to Osteogenic
Reprogramming and Apoptosis of Vascular
Smooth Muscle Cells

Andrew M. Cobb(, Syabira Yusoff, Robert Hayward, Sadia Ahmad, Mengxi Sun, Anja Verhulst(, Patrick C. D'Haese,
Catherine M. Shanahan

OBJECTIVE: The development of ectopic vascular calcification is strongly linked with organismal aging, which is primarily
caused by the accumulation of DNA damage over time. As Runx2 (Runt-related transcription factor 2) has been identified
as a regulator of vascular smooth muscle cell osteogenic transition, a key component of vascular calcification, we examined
the relationship between DNA damage and Runx2 activation.

APPROACH AND RESULTS: We found genotoxic stress-stimulated Runx2 accumulation and transactivation of its osteogenic target
genes, leading to enhanced calcification. Inhibition of DNA damage signaling attenuated this response. Runx2 localized to
sites of DNA damage and participated in DNA repair by regulating phosphorylation events on histone H2AX, with exogenous
expression of Runx2 resulting in unrepaired DNA damage and increased apoptosis. Mechanistically, Runx2 was PARylated
in response to genotoxic stress, and inhibition of this modification disrupted its localization at DNA lesions and reduced its
binding to osteogenic gene promoters.

CONCLUSIONS: These data identify Runx2 as a novel component of the DNA damage response, coupling DNA damage
signaling to both osteogenic gene transcription and apoptosis and providing a mechanism for accelerated mineralization in
aging and chronic disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: aging ® apoptosis @ DNA damage ® poly ADP ribosylation ® vascular calcification

age and is a major risk factor for cardiovascular mor-

tality.'® It is a cell-mediated process driven by vascular
smooth muscle cells (VSMCs)*® that ordinarily are essen-
tial for maintaining vascular tone through their contractile
activity. However, in aging and disease, these cells display
marked phenotypic plasticity and can undergo osteochon-
drogenic differentiation. This transition is characterized by

Ectopic vascular calcification invariably increases with

a loss of contractile markers® and increased expression
of osteogenic factors including the master transcription
factor Runx2 (Runt-related transcription factor 2) and its
downstream osteogenic targets Osterix/ OCN (osteocal-
cin) and BSP (bone sialoprotein).®'" Increased secre-
tion of calcifying vesicles' and a higher incidence of

See accompanying editorial on page 1358
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DNA Damage Drives Calcification via Runx2

Highlights

Nonstandard Abbreviations and Acronyms

YH2AX phosphorylation of histone H2AX on
serine 139

ATM ataxia-telangiectasia mutated

BBPDA boronate bead pull-down assay

BSP bone sialoprotein

CC3 cleaved caspase-3

CKD chronic kidney disease

DDR DNA damage response

EGFP enhanced green fluorescent protein

FL-Runx2 recombinant FLAG-tag Runx2

JNK c-Jun N-terminal protein kinase

KO knockout

MEK mitogen-activated protein kinase

OCN osteocalcin

PAR poly(ADP-ribose)

PARG poly(ADP-ribose) glycohydrolase

PARP poly(ADP-ribose) polymerase

PCR polymerase chain reaction

pY142-H2AX phosphorylated tyrosine 142 on
H2AX

Runx2 Runt-related transcription factor 2

shRunx2 short hairpin RNA against Runx2

Tk thymidine kinase

VitD vitamin D

VSMC vascular smooth muscle cell

WB Western blot

apoptosis'®'* are also recognized features of this osteo-
genic switch, which orchestrates the calcification process.
However, the specific pathways that link these processes
with aging have remained elusive.

Runx2 is essential for developmental osteogenesis in
bone,'®® but it has functions beyond activation of osteo-
genic transcriptional programmes and is expressed in a
number of nonmineralizing cell types.'” In the vasculature,
Runx2 is upregulated at sites of calcification, and tar-
geted KO (knockout) of Runx2 reduces expression of its
osteogenic targets and reduces calcification.'®2" Notably,
however, Runx2 is transiently upregulated in the absence
of calcification at sites of vascular injury? while targeted
overexpression of Runx2 in VSMCs in vivo is insufficient for
calcification to ensue® suggesting that additional factors or
modifications are required to activate its osteogenic capacity.

Runx2 acts as a scaffold to organize enhancers and
repressors, and its transcriptional activity is dependent
on its localization to the nuclear matrix.2*? This pro-
teinaceous network acts to organize nuclear metabolic
events, including transcription and the DNA damage
response (DDR),?-%® and emerging evidence suggests
that Runx2 may have a direct function in the DDR2*2°
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* DNA damage accelerates calcification of vascu-
lar smooth muscle cells, and this is dependent on
Runx2 (Runt-related transcription factor 2).

» DNA damage induces PARylation of Runx2, and this
requires both ATM (ataxia-telangiectasia mutated)
and PARP (poly[ADP-ribose] polymerase) activity.

+ PARylation of Runx2 results in its accumulation and
subsequent increase in expression of osteogenic
target genes, as well as localization to sites of DNA
damage.

+ At DNA lesions, Runx2 plays a direct role in the
DNA damage response by promoting retention of
phosphorylated tyrosine 142 on H2AX and promot-
ing apoptosis in favor of DNA repair.

+ Osteogenic transition and apoptosis of vascular
smooth muscle cells work in concert to drive vascu-
lar calcification during aging.

with its deregulation in a range of cancers further sub-
stantiating this notion.*°32 Importantly, DDR regulators
are also instrumental during normal physiological bone
formation and in ectopic vascular calcification,®% sug-
gesting a link between Runx2 activity, DNA damage
repair, and osteogenesis.

A primary event in the DDR is phosphorylation of his-
tone H2AX on serine 139 (YH2AX) by the kinase ATM
(ataxia-telangiectasia mutated)= ¢ and cells positive for
YH2AX are detectable in the bone growth plate and in
calcified arteries.®® In addition, ATM and DDR effector pro-
teins c-Abl and p53 have been shown to regulate osteo-
blast activity.3® Another key DDR component is PARP
(PAR [poly(ADP-ribose)] polymerase) signaling. This
pathway, usually activated by oxidative stress, involves
the posttranslational addition of PAR moieties, by PARP
enzymes, to target proteins in a process termed PARyla-
tion. PARP1 has been shown to play a role in osteogenic
differentiation in bone,*® and high levels of PAR have been
detected in the bone growth plate and at sites of vascular
calcification.®4%4" PAR itself can avidly bind calcium and
form calcified nanoparticles, suggesting a byproduct of
the DDR is also essential for biomineralization.*® Inhibi-
tors of DDR signaling can block osteogenic differentia-
tion and calcification in both bone and the vasculature;
however, the mechanisms behind this remain unclear.333%

In this study, we hypothesized that DDR signaling
might activate Runx2-mediated osteogenesis in the
vasculature. Using in vitro and in vivo models of Runx2
depletion and overexpression, we show that Runx2 is
a novel component of the DDR that regulates H2AX
phosphorylation in response to DNA damage and pro-
motes apoptosis. PARylation of Runx2 was essential
for this activity and for its activation of osteogenic gene
expression in VSMCs. We have outlined a precise role for
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Runx2 during the DDR, and our data provide an explana-
tion for the increased incidence of vascular calcification
observed with age and highlight the potential for DDR
inhibitors as therapeutics for vascular calcification.

MATERIALS AND METHODS

The authors declare that all supporting data are available within
the article (and its Data Supplement).

Cell Culture/Treatments

VSMCs were obtained from explants of human aortic tis-
sues from both male and female donors of various ages as
described previously.*? The isolates used in this study were
as follows; 35F (04:35F:11A), 20M (05:20M:18A), and 54M
(05:54M:20). Cells were maintained in M199 medium (Sigma-
Aldrich) supplemented with 20% fetal bovine serum at 37°C
and 5% CO, and used between passages 9 and 20. Control
mouse VSMCs (Runx2”) and Runx2 KO VSMCs (Runx2M)
were cultured in the same media. To induce calcification,
VSMCs were cultured in M199 medium supplemented with
5% fetal bovine serum and elevated calcium (Ca?*) and phos-
phate (P; 2.7 and 2.6 mmol/L, respectively) for between 8 and
15 days until signs of calcification became apparent. Control
medium was M199 with 5% fetal bovine serum and no addi-
tional Ca** or P (1.8 and 1 mmol/L, respectively). For short-
term DNA damage induction, cells were typically treated for 0.5
to 3 hours with 20 umol/L etoposide or 200 mmol/L H,0,. For
long-term treatments performed alongside calcification experi-
ments (>24 hours), concentrations of 5 umol/L etoposide or
20 mmol/L H,O, were used. Inhibitors against PARF, ATM,
and MEK (mitogen-activated protein kinase; PJ34 [AdipoGen],
KU55933 [Selleckchem], U0 126 [Sigma-Aldrich], respectively)
were used at 10 ymol/L. DMSO (dimethyl sulfoxide) was used
as a vehicle control.

Generation of Conditional Runx2 KO Mice

The conditional Runx2 KO mouse model was generated by
Taconic Artemis. The targeting strategy was based on the
Ensembl transcript ENSMUSTO0000160673 (Runx2-001),
which allows conditional KO of the Runx2 gene (Runx2). The
Runx2 targeting vector was created by flanking the Runx2
targeted domain of exon 4 with loxP sites, and the positive
selection marker puromycin resistant was flanked by flippase
recognition target sites. The targeting vector was generated
using bacterial artificial chromosome clones from C56LB/6J
RPCIB-731 bacterial artificial chromosome library. The target
vector was injected into embryonic stem cells from Taconic
Artemis C57BL/6 N by electroporation, and cells with suc-
cessful homologous recombination were isolated using posi-
tive (puromycin resistant) and negative (Tk [thymidine kinase])
selections. These were injected into C57BL/6 mouse blas-
tocysts to generate chimeric floxed-Runx2 mice, which were
then bred onto a flippase recombinase strain to remove the
puromycin cassette. To generate smooth muscle cell-specific
Runx2 KO mice (Runx2*M), Runx2” mice were crossed with
mice expressing smooth muscle cell-specific Cre recombi-
nase, which is driven by the SM22-a promoter. The SM22
Tg(Tagln-cre)1Her/J mice (004746; The Jackson Laboratory).
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Genotyping was performed using polymerase chain reaction
(PCR) of DNA extracted from ear biopsy specimens. Primers
used for genotyping were as follows: Runx2 conditional KO:
forward, 5 GAGCTAGCCTAGCCTTTCTGC 3’ and reverse,
5" CAAGAGGACTCAAGTTCAGATCC 3. Cre recombinase
expression: forward, 5* GCGGTCTGGCAGTAAAAACTATC 3’
and reverse, 5 GTGAAACAGCATTGCTGTCACTT 3. Cycling
parameters were the following: initial denaturation 95 °C, 5 min-
utes; denaturation 95°C, 30 seconds (repeated for 35 cycles);
annealing 60°C, 30 seconds (repeated for 35 cycles); exten-
sion 72°C, 1 minute (repeated for 35 cycles); final extension
72°C, 10 minutes; cooled to 4°C indefinitely. The PCRs pro-
duced amplicons of 197 (wild-type allele), 354 (conditional KO
allele), and 100 bp (Cre recombinase). Runx2” and Runx2¥
mice were maintained on a C57BL/6 background. All mice
were kept in individually ventilated cages at the biological ser-
vices unit at the Maurice Wohl Clinical Neuroscience Institute,
King's College London. They were maintained on a normal
diet (LabDiet 5053/PicoLab Rodent Diet 20) and kept on a
12-hour light/dark cycle. Male and female mice were used in
this study. All experiments were performed in accordance with
the UK Animal (Scientific Procedures) Act 1986 and were
covered by a Home Office project license.

Vitamin D Induction of Calcification in Mice
Vitamin D (VitD) treatment is an established model used to
induce vascular calcification in mice. It causes dysregula-
tion of calcium metabolism, resulting in increased serum cal-
cium but unchanged phosphate levels.® For this treatment,
Cholecalciferol (C1357; Sigma) was dissolved in 100% etha-
nol and diluted to 1.25 ug/pL containing 5% ethanol for each
injection. Twenty-week-old Runx2” and Runx2** mice on a
C57BL/6 background received cholecalciferol subcutaneously
at a dosage of 500000 1U/kg per day for 4 consecutive days,
and 5% ethanol in sterile water was used as vehicle control.'®
The mice were monitored daily and terminated between 7 and
8 days after injection. Thoracic aortas were collected for cal-
cium quantification, RNA, and histology. Male and female mice
were used to comply with 3R policy to reduce animal use, and
data were pooled for analysis.

Rat Model With Chronic Kidney Disease

Induced Vascular Calcification

This study used a well-characterized rat model with adenine-
induced chronic kidney disease (CKD).2%** Seven-week-old
male Wistar rats (225-250 g; Charles River, Lille, France) were
used to avoid interference with hormonal effects and because
they are more vulnerable to the development of CKD. Rats were
housed 2 per cage and randomly assigned to different groups.
An equilibration period of 3 weeks was used to ensure a body
weight of #320 g at the start of the study. CKD was induced by
maintaining the rats on an adenine diet containing 0.75% ade-
nine (Acros Organics) with a 0.92% phosphorous and 1% cal-
cium content in combination with a low protein content (2.5%).
A control group (n=6) with normal renal function was included
and maintained on a control diet. The CKD groups were eutha-
nized weekly starting from week 1 and then 2, 3, 4, and 8 after
the diet was introduced. The control group rats with normal diet
were euthanized at the end of the experiment (week 8).
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Adenoviral Constructs and Transfections
Adenovirus (Cyagen Biosciences) expressing FL-Runx2
(recombinant FLAG-tag Runx2), a shRunx2 (short hairpin
RNA against Runx2) mRNA, or EGFP (enhanced green
fluorescent protein) were used to transduce VSMCs at
70% confluence. Multiplicity of infection was 10 particles
per cell, routinely achieving >80% transduction efficiency
as assessed by control EGFP. For small interfering RNA-
mediated interference of Ku70, sc29383 (Santa Cruz
Biotech) was transfected into VSMCs using HiPerfect trans-
fection reagent (Qiagen).

Antibodies

Primary antibodies used were as follows: Runx2 (D130-3;
MBL International); Runx2 (sc-10758), p53 (sc-126; Santa
Cruz Biotech); FLAG (M2, F3165), H2AX (PLA0294), B-
actin (AC-74; Sigma-Aldrich); 8-OxodG (N45.1; JalCA); FLAG
(ab1257), Ku70 (ab83501), ERK 1/2 (extracellular signal-reg-
ulated kinase; ab36991), pERK (ab201015), phosphorylated
tyrosine 142 on H2AX (pY142-H2AX; ab94602), a-smooth
muscle actin (ab7817), Runx2 (ab23981; Abcam); YH2AX
(2577), lamins A/C (2032), Chk2 (checkpoint kinase 2; 2662),
pChk2 (phospho-Chk2; T68; 2197), CC3 (cleaved caspase-3;
Asp175; 9661; Cell Signaling Technology, Danvers, MA); PAR
(4336-APC-050; Novus Biologicals).

TUNEL Staining

TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end
labeling) staining assays were performed using a commer-
cially available kit according to the manufacturer's instructions
(Abcam; ab206386).

Calcification Assays

For Alizarin red S staining, VSMCs were washed with PBS
and fixed in 4% formaldehyde in PBS for 10 minutes at 21 °C.
VSMCs were then washed with dH,0 and then incubated
with 2% Alizarin red S (Sigma-Aldrich) for 5 minutes, then
briefly rinsed with water before imaging. o-Cresolphthalein
assays on VSMCs were performed as described previously.*?
Adenovirus was used to knock down Runx2 (shRunx2), over-
express Runx2 (FL-Runx2), or express EGFP (control). To
harvest cells from mouse models, 3 mm of thoracic aorta for
each mouse was collected and washed in Hank’s balanced
salt solution. To extract Ca?*, the aortas were placed in a
Dounce Glass Tissue Homogenizer with 200 pL 0.1 M HCI
and homogenized every 30 minutes for 2 hours. The homog-
enate was centrifuged at 13000g for 2 minutes and subject
to o-Cresolphthalein assay for calcium analysis.

Immunoblotting

Total cell extracts were prepared by washing VSMCs in ice-cold
PBS, then scraping into fresh ice-cold PBS and centrifuga-
tion at 700g for b minutes. Pellets were resuspended in lysate
buffer (10 mmol/L Tris pH 7.5, 150 mmol/L NaCl, 1 mmol/L
EDTA, 1% Triton X-100, protease inhibitors) and sonicated for
10 seconds followed by centrifugation at 700g for 5 minutes.
0.01% bromophenol blue, 200 mmol/L DTT, 4% SDS, and 20%
glycerol were added to lysates before boiling for 5 minutes and
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separation by SDS-PAGE, transfer to PVDF (polyvinylidene
fluoride) membrane, blocking, and primary antibody incubation.
Secondary antibodies conjugated to IRDye 800CW (LI-COR
Biosciences) were then used followed by detection and quanti-
fication with an imager (Odyssey; LI-COR Biosciences).

Immunofluorescence

VSMCs were cultured on coverslips and fixed in 4% parafor-
maldehyde in PBS for 10 minutes at 21°C followed by 3-min-
ute permeabilization with 0.5% NP-40 in PBS. Coverslips were
then blocked (3% BSA in PBS) for 1 hour at 21 °C before incu-
bation with primary antibodies in blocking solution for 12 hours
at 4°C in a humidifying chamber. Coverslips were washed in
PBS followed by 1-hour 21 °C incubation with fluorescent dye
conjugated secondary antibodies (Invitrogen). Coverslips were
washed with PBS, mounted onto slides with medium contain-
ing DAPI (4’,6-diamidino-2-phenylindole), and z stacks were
obtained using a Nikon A1R confocal microscope with NIS-
Elements software. Different channels were acquired sequen-
tially. For mice thoracic aortas, 10-pm-thick cryosections were
stained and imaged using an Olympus [X-81 microscope.

Comet Assays

VSMCs were cultured to =70% confluency and then were
washed with ice-cold PBS, trypsinised, and resuspended in 0.6%
low melting point agarose and then dispensed in duplicate onto
precoated slides and allowed to set on ice for 20 minutes in the
dark. Slides were then transferred into ice-cold lysis buffer (100
mmol/L EDTA, 2.5 M NaCl, 10 mmol/L Tris pH10, and 1% Triton
X-100) for 1 hour, washed twice with ice-cold dH,O followed
by electrophoresis in ice-cold buffer (300 mmol/L NaOH and 1
mmol/L EDTA) at 20 V for 30 minutes. Slides were then sub-
merged in neutralization buffer (0.4 M Tris pH 7.5), washed with
dH,0, and dried before staining with Nancy-520 (Sigma-Aldrich)
and imaging by confocal microscopy.

Immunohistochemistry

Immunohistochemistry was performed on Wistar rat thoracic aor-
tas. Four- or 7-pm thick sections were paraffinized, rehydrated,
restored for immunoreactivity, blocked for endogenous peroxi-
dase activity and nonspecific binding, and then were incubated
with primary antibodies. The biotinylated secondary antibodies,
avidin-biotin complex amplification (PK-6101 and PK-6102;
Vector Laboratories), and DAB (3,3'-diaminobenzidine) peroxi-
dase substrate kit (SK-4100; Vector Laboratories) were used
to develop the staining. Sections were then counterstained with
hematoxylin and mounted using DPX (distyrene, a plasticizer,
and xylene) following dehydration. Images were taken using a
Leica ICC50 W microscope. Mineral deposition and expression
of YH2AX, 8-0xodG, and Runx2 were quantified using ImageJ
software. Calcification was quantified using a threshold measure
method and expression of YH2Ax, 8-oxodG, and Runx2 by enu-
merating positive (brown) and negative (purple) cells.

RNA Isolation and Quantitative Reverse

Transcription Polymerase Chain Reaction
RNA from human VSMCs was isolated from cells using
STAT60 (CS-110; AMS Biotechnology), followed by cDNA
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synthesis using Mu-MLV reverse transcriptase (ME-0125-
10; Eurogentec). qPCR (quantitatve PCR) was performed
in triplicate using qPCRBIO SyGreen Mix (PCR Biosystems).
Reactions were performed in a StepOnePlus Real Time PCR
System (Applied Biosystems). Primers used are as follows:
Runx2 (Runx2; QT00020517), CDKN1A (p21; QT00062090),
GAPDH (GAPDH; QT00079247), Sp7 (Osterix; QT00213514),
and MMP9 (MMP9; QT00040040; Qiagen). Other primers
used were BGLAP(OCN; 5'-GGCAGCGAGGTAGTGAAGAG-3’
and b5-CGATAGGCCTCCTGAAAGC-3) and IBSP (BSP;
5-AGTTTCGCAGACCTGACATCCAGT-3" and 5"-TTCATAACTG
TCCTTCCCACGGCT-3). Expression levels of target genes were
all corrected using GAPDH expression. PCRs were performed
in 20 pL reaction volumes at 95°C for 10 minutes followed by
40 cycles at 95°C for 5 seconds and 60°C for 1 minute. RNA
was extracted from mouse aorta by homogenizing vessels in 1
mL TRIzol (Invitrogen) using matrix D beads (MP Biomedicals)
in a Precellys 24 tissue homogenizer (Bertin Technologies).
cDNA synthesis and qPCR were performed as described above
but using the following primers: Runx2 (QT00102193), GAPDH
(QT01658692), IBSP (QT00115304), Sp7 (QT00293181),
and BGLAP (QT01744330; Qiagen).

Proximity Ligation Assay

Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich)
was used according to the manufacturer's instructions. Staining
was visualized using a Nikon A1R confocal microscope.

Active Caspase 3 ELISA

Active caspase 3 (Asp175) human ELISA (ab168541; Abcam)
was performed according to the manufacturer's instructions.

Chromatin Immunoprecipitation

ab500 ChlP Kit (Abcam) was used according to the manufac-
turer's instructions. Briefly, VSMCs were trypsinised, centrifuged,
and then washed in ice-cold PBS. Cells were centrifuged again
and then fixed in 1.1% formaldehyde in PBS. Reactions were
quenched with glycine, and cells were washed in ice-cold PBS
before being lysed. Chromatin was sheared to #500- to 1500-bp
fragments using a sonicator at 4°C. Chromatin was diluted, and
input chromatin was collected. Remaining chromatin was used
for chromatin immunoprecipitation using 4 pg Runx2 (D130-3)
as antibody of interest, 4 pg anti-histone H3 as a positive control,
and no antibody as a negative control. Antibodies were added for
12 hours at 4°C, and then protein A sepharose beads were used
to precipitate protein/ DNA complexes. Cross-links were reversed
by heating at 98°C followed by proteinase K addition and DNA
purification. Samples were analyzed by pPCR. Primers used
are as follows: Runx2 (5-TGTGATACAGTCCAAAGATGTGA-3
and 5-CCTGTAAGGTTAAGCATTTGTAGAG-3), p21 (5-TGCT
AGGAACATGAGCAAACT-3” and 5-TCAGCAGTGGCACAATC
TC-3'), BSP (5"-GGGCCACATAAATGGACAATA-3" and 5-TCA
TTTGATGTTTCCTCCTGAA-3), Osterix (65"-CCTTGCCTATCTGC
TTCTCTTT-3" and 5-GTCCTGGATCCAAGCTTCAAA-3'), MMP9
(5"-CCAATCACCACCATCCGTT-3" and 5-ACAGCAGACATGG
CTTTACTC-3"),and OCN (5"-AAATACAGAATTAGCCAGGCAT-3
and 5-AAGAAGCAAGAGAAACAAAGTG-3).

Arterioscler Thromb Vasc Biol. 2021;41:1339-1357 DOI: 10.1161/ATVBAHA.120.315206
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Biochemical Fractionation

VSMCs were incubated in fractionation buffer (10 mmol/L
HEPES pH 79, 10 mmol/L KCI, 1.5 mmol/L MgCl, 0.5
mmol/L DTT, 0.06% NP-40, protease inhibitors, and phospha-
tase inhibitors) on ice for 30 minutes with occasional agita-
tion. Following centrifugation at 1500g for 5 minutes at 4°C,
the supernatant was collected (cytoplasmic) and the pellet was
extracted with ice-cold high-salt buffer (20 mmol/L Tris-HCI
[pH 8.0], 420 mmol/L NaCl, 0.56% NP-40, 0.1 mmol/L EDTA,
and 10% glycerol) for 45 minutes on ice. Samples were cen-
trifuged at 135009 for 15 minutes, and the supernatant that
contained chromatin-bound proteins was collected (chromatin
fraction). The resultant pellet was resuspended in lysate buffer
(above), sonicated for 10 seconds, and centrifuged at 1500g
for 5 minutes at 4°C. The supernatant was collected (nuclear
insoluble fraction).

Coimmunoprecipitation Assays

VSMCs were washed in PBS, harvested and lysed in 10% glyc-
erol,0.5 mmol/L EDTA, 25 mmol/L Tris-HCL (pH 7.5), 1 mmol/L
Na,VO,, 180 mmol/L NaCl, 10 mmol/L B-glycerophosphate,
0.1 mmol/L DTT, and 0.1 % NP-40. Lysates were incubated
with 4 pg anti-H2AX; rotating at 4°C, for 12 hours. Protein G
agarose beads (Sigma) were then added to the lysates, washed
3x in lysis buffer, and boiled for 10 minutes before analysis by
gel electrophoresis and Western blot (WB).

Boronate Bead Pull-Down Assay of PARylated
Proteins

Beads coated in boronic acid resins bind to various oligo-
nucleotides via vicinal diols. The chemical nature of PAR
means PARylated proteins are a strong substrate for these
beads and can be pulled down effectively in boronate bead
pull-down assays (BBPDAs).* Six hours before BBPDAs,
cells were treated with PARG (PAR glycohydrolase) inhibitor
PDD00017273 (Sigma) to prevent PAR degradation, and any
DNA damage treatments were performed. Nuclear fractions
were collected as described in biochemical fractionation pro-
tocol, and this fraction was sonicated in lysate buffer (above)
containing PARG inhibitor and mixed with m-aminophenylbo-
ronic acid agarose (No. A8312; Sigma) for 1 hour at room tem-
perature. Following this incubation, beads were washed twice in
SDS wash buffer (1% SDS, 100 mmol/L HEPES [pH 8.5], and
150 mmol/L NaCl) and twice in non-SDS wash buffer (100
mmol/L HEPES [pH 8.5] and 150 mmol/L NaCl). Proteins
were eluted from beads by boiling for 10 minutes and analyzed
by WB. For BBPDAs using protein from mouse aorta, vessels
were homogenized in lysate buffer containing PARG inhibitor
followed by sonication (3x10 seconds) and centrifugation at
2600g and 4°C for 5 minutes. Nine hundred fifty micrograms
ug of protein was used in each reaction as described above.

Statistical Analysis

Results are presented as meantSEM. Statistical analysis was
performed with GraphPad software. All data were tested for
normalcy using the Shapiro-Wilk test before comparison analy-
sis. For comparisons of multiple groups, 1-way ANOVA with
Tukey test was used. For comparison of just 2 independent
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samples, the parametric Student t test was used. On graphs,
*A<0.05, "A<0.01, ™*A<0.001, **RA<0.0001. Results were
taken from a minimum of 3 independent experiments (tech-
nical replicates) using 3 different VSMC isolates (biological
replicates). For histology, all groups were compared with the
control group. The comparison was made using 1-way ANOVA
test except for YH2AX where the Kruskal-Wallis test was used.

RESULTS

DNA Damage Augments VSMC Calcification in
a Runx2-Dependent Manner

Primary human VSMCs cultured in calcifying media con-
taining elevated Ca”" and P exhibited visible signs of
calcification after b days and were highly calcified after
15 days (Figure 1A, Figure IA in the Data Supplement).
WB and immunofluorescence (IF) showed increased
levels of the DNA damage marker yH2AX (Figure 1B
and 1C; Figure IB through |G in the Data Supplement) in
calcified VSMCs after 10 days of calcification treatment,
and comet assays confirmed the presence of increased
physical DNA damage in these cells (Figure 1D; Figure
IH in the Data Supplement). Increased Runx2 protein
levels (Figure 1B; Figure Il in the Data Supplement) and
concomitant loss of the smooth muscle marker SMA
(smooth muscle actin) mirrored the induction of DNA
damage and calcification.

To examine whether genomic stress could promote
VSMC calcification, and whether this was dependent
on Runx2, o-Cresolphthalein assays were performed
on VSMCs cultured in control or calcifying media in the
presence or absence of the DNA-damaging agents H,O,
(causes oxidative DNA damage) or etoposide (causes
DNA double-strand breaks). In addition, levels of Runx?2
were manipulated using adenoviral vectors (Figure IJ
and IK in the Data Supplement). We found DNA damage
alone did not induce VSMC calcification, but both agents
augmented calcification when VSMCs were cultured in
calcifying media (Figure 1E and 1F; Figure IL through
1O in the Data Supplement). Knockdown of endogenous
Runx?2 via shRNA interference (shRunx2) had a mini-
mal effect on reducing calcification induced by calcifi-
cation media alone; however, the enhanced calcification
caused by H,0O, or etoposide was completely abolished
(Figure 1E and 1F). Conversely, adenovirus-mediated
overexpression of FL-Runx2 increased calcification in
calcifying media alone, and this increase was further
enhanced with additional DNA damage caused by H,O,
or etoposide (Figure IL and IM in the Data Supplement).
These data suggest that Runx2 is not essential for the
initiation of VSMC calcification by elevated Ca?* and P,
over this time course but Runx2 is pivotal in exacerbating
calcification when genomic instability is high.

Increased calcification in response to genomic stress
corresponded with enhanced transcription of Runx2
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osteogenic targets. gqRT-PCR (quantitative reverse tran-
scription polymerase chain reaction) showed expression of
IBSP (BSP), Sp7 (Osterix), and BGLAP (OCN) was great-
est in VSMCs grown in calcifying media supplemented
with H,0O, with a small but significant increase in expres-
sion also seen in response to H,0, treatment alone (Fig-
ure 1G through II). Runx2 depletion modestly suppressed
expression of these genes in VSMCs cultured in calcify-
ing media alone but more profoundly blocked the baseline
and synergistic effects of H,O,. We also observed Runx2-
dependent increased expression of IBSP, Sp7, and BGLAP
in response to etoposide treatment (Figure IP through IR in
the Data Supplement), showing Runx2 activity is also stim-
ulated by DNA double-strand breaks. Additional putative
Runx2 target genes CDKNTA (p21) and MMP9 (matrix
metalloproteinase 9; MMP9 protein) were also tested (Fig-
ure IS and IT in the Data Supplement), and although these
genes increased expression in response to DNA damage
and calcifying conditions, respectively, these changes were
not dependent on Runx2. These data suggest that Runx2
osteogenic activity is most profound when genomic stress
is applied to cells and that specific osteogenic targets may
be preferentially expressed in response to genotoxic stress.

DNA Damage-Dependent Runx2 Accumulation,
Osteogenic Gene Expression, and VSMC
Calcification Are Reduced by PARP and ATM
Inhibitors

To determine how Runx2 was influenced by genotoxic
stress, VSMCs were exposed to either H,0, or etopo-
side, and levels of Runx2 protein were quantified using
WB (Figure 2A through 2C; Figure l1A through IIC in the
Data Supplement) and IF (Figure IIC in the Data Supple-
ment). These experiments revealed a significant increase
in Runx2 protein levels following 3 hours of treatment
that corresponded to increases in YH2AX. This was
despite there being no change in Runx2 gene expres-
sion on gRT-PCR (Figure IID in the Data Supplement),
suggesting a posttranscriptional mechanism was likely
increasing Runx2 protein levels in response to DNA
damage.

To identify potential signaling pathways that could
posttranslationally elevate Runx2 protein following
genotoxic stress, VSMCs were exposed to the same
stressors but with the inclusion of inhibitors of DDR
proteins PARP1/2 (RJ34) and ATM (Kub5933). These
inhibitors were tested alongside inhibitors of ERK sig-
naling (UO126), as this pathway has previously been
implicated in VSMC calcification and Runx2 phosphory-
lation.*6#” We observed that PARP and ATM inhibitors
effectively blocked the increase in Runx2 protein in
response to DNA damage; however, ERK inhibition did
not (Figure 2D through 2F; Figure IIE through IIG in the
Data Supplement).
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Figure 1. DNA damage augments vascular smooth muscle cell (VSMC) calcification in a Runx2 (Runt-related transcription

factor 2)-dependent manner.

A, Alizarin red staining of 3 human VSMC isolates grown in control or calcifying media for 5 or 15 d. B, Western blot (WB) of protein lysate from
VSMCs grown in control or calcifying media for 10 d (n=3; 35F isolate). C, Representative immunofluorescence of phosphorylation of histone H2AX
on serine 139 (YH2AX) in 35F VSMCs grown in control or calcifying media (10 d), DAPI (4",6-diamidino-2-phenylindole) is shown (blue), scale
bar=20 pm. D, Representative comet assay, scale bar=40 pm. E and F, o-Cresolphthalein assay analysis showing calcification of 35F VSMCs

depleted of Runx2 (shRunx2 [short hairpin RNA against Runx2]) and cultured in calcifying media, H

O

272!

etoposide, or combination treatment.

Treatments were for 8 to 12 d (n=3). G-I, gRT-PCR (quantitative reverse transcription polymerase chain reaction) analysis of gene expression
changes of Runx2 target genes IBSP (BSP [bone sialoprotein]), Sp7 (Osterix), and BGLAP (OCN [osteocalcin]) in 35F VSMCs treated with EGFP
(enhanced green fluorescent protein; control) or shRunx2 that were grown in control or calcifying media and with or without H,O, treatment for 9 to
14 d. GAPDH was used as control gene (n=5). */<0.05, **<0.01, ***<0.001. ns indicates not significant; and SMA, smooth muscle actin.
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Figure 2. DNA damage-dependent Runx2 (Runt-related transcription factor 2) accumulation, vascular smooth muscle cell
(VSMC) calcification, and osteogenic gene expression are reduced by PARP (poly[ADP-ribose] polymerase) and ATM (ataxia-
telangiectasia mutated) inhibitors.
A, Western blot (WB) demonstrating Runx2 and phosphorylation of histone H2AX on serine 139 (YH2AX) increases in 35F VSMCs treated
with H,O, or etoposide. B and C, Quantification relative to $-actin (n=3). D-F, WBs showing PJ34 and Ku55933 suppress H,0, (3-h
treatment)-dependent Runx2 accumulation in 35F VSMCs but U0126 does not (n, minimum of 3). G, o-Cresolphthalein assay analysis showing
35F VSMC calcification following culture in calcifying media and H,O, treatment (8—10 d) with additional PARP (PJ34), ATM (Ku55933), or
ERK (extracellular signal-regulated kinase; U0126) inhibition (n=3). H, qRT-PCR (quantitative reverse transcription polymerase chain reaction)
analysis investigating the effect of PARP, ATM, and ERK inhibition on Runx2 (Runx2), IBSP (BSP [bone sialoprotein]), Sp7 (Osterix), and
BGLAP (OCN [osteocalcin]) gene expression in 35F VSMCs grown in control or calcifying media and treated with H,O,. Treatments were for
8to 11 d. DMSO (dimethyl sulfoxide) was used as a negative control (n=3). *P<0.05, **P<0.01, ***P<0.001, ****<0.0001. Chk2 indicates
checkpoint kinase 2; ns, not significant; PAR, poly(ADP-ribose); and pChk2, phospho-Chk2.
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Consistent with the inhibitory effects of RJ34 and
Kubb933 on Runx2 protein levels, these inhibitors also
reduced VSMC calcification in response to calcifying
media and completely blocked the augmented calcification
induced by genotoxic stress (Figure 2G). Again, ERK inhibi-
tion had no effect. Reduced calcification also corresponded
with reduced expression of Runx2 osteogenic target genes
as evidenced by marked reductions in IBSF, Sp7, and
BGLAP expression in VSMCs cultured in calcifying media,
with the largest decrease seen in VSMCs cultured in calci-
fying media supplemented with H,O, (Figure 2H).

DDR Causes Enhanced Runx2 Binding to
Osteogenic Target Gene Promoters and
Changes Its Nuclear Compartmentalization

We next assessed Runx2 occupancy at promoter regions
of selected targets in VSMCs in response to genotoxic
stress using chromatin immunoprecipitation assays and
observed that Runx2 binding to osteogenic gene promot-
ers IBSP, Sp7, and BGLAP was significantly increased
by exposure to either H,O, or etoposide (Figure 3A and
3B; Figure IllA in the Data Supplement). However, Runx2
binding to its own promoter, CDKN 1A or MMP9 promoter
regions, did not change with either treatment, consistent
with the unresponsiveness of these genes to Runx2
depletion (Figure IS and IT in the Data Supplement).
Both DDR inhibitors PJ34 and Kub5933 were effective
at attenuating this increased binding (Figure 3C through
3E). The DNA repair factor Ku70 has been reported
to regulate Runx2-mediated transactivation of some
osteogenic targets,*® but we saw no change upon Ku70
depletion (Figure I1IB and IlIC in the Data Supplement),
suggesting it was not regulating increased Runx2 bind-
ing to osteogenic targets in response to genotoxic stress.

To further investigate how genomic stress influenced
Runx2 compartmentalization, we used cell fraction-
ation on VSMCs treated with H,O, and observed that
in response to oxidative stress, there was an increase in
Runx2 specifically in the chromatin fraction (Figure 3F;
Figure IlID in the Data Supplement). Treatment with
RJ34 blocked this shift and resulted in retention of more
Runx2 in the nuclear soluble fraction, showing that DNA
damage affects Runx2 positioning within the nucleus
and this is dependent on PARP signaling.

Runx2 Localizes to Sites of DNA Damage
Induced by Both Etoposide and H,0,

The dynamic changes in compartmentalization in
response to DNA damage led us to examine whether
Runx2 may also play a functional role within the DDR.
Using IF, we observed that both recombinant FL-Runx2
and endogenous Runx2 accumulated at sites of oxidative
DNA damage caused by H,0, and at DNA double-strand

Arterioscler Thromb Vasc Biol. 2021;41:1339-1357 DOI: 10.1161/ATVBAHA.120.315206
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breaks induced by etoposide (Figure 4A through 4C; Fig-
ure IVA through IVH in the Data Supplement), with ~40%
of yH2AX associated with endogenous Runx2 foci.
Proper regulation and amplification of YH2AX is nec-
essary for the integrity of the DDR and recruitment of
repair factors. An important requirement for this is the
dephosphorylation of an adjacent tyrosine 142 (pY142-
H2AX) that in unstressed cells is constitutively phosphor-
ylated.**-! Extensive DNA damage can result in retention
of pY142-H2AX, which suppresses DNA repair pathways
and results in apoptosis.?®%? IF of Runx2 and pY142-
H2AX revealed a degree of colocalization (Figure IVG in
the Data Supplement). Further analysis using triple staining
to visualize the spatial organization of Runx2 and pY142-
H2AX together with yH2AX (Figure 4C; Figure IVH in the
Data Supplement) showed that the Runx2/yH2AX com-
plexes were arranged such that aggregations of Runx2
spatially separated H2AX histones presenting either the
5139 or Y142 phosphorylated residues. Proximity ligation
assays were used to further probe these arrangements
and revealed that endogenous Runx2 interacted with
both YH2AX and pY142-H2AX (Figure 4D; Figure IVI
and IVJ in the Data Supplement) and that following geno-
toxic stress, significantly more Runx2/yH2AX interactions
were detected (VSMCs with >15 observable interactions
increased from ~0%-70%) in conjunction with fewer
Runx2/pY142-H2AX interactions (VSMCs with >15
observable interactions decreased from ~65%-—15%).

DNA Damage-Induced Runx2 Accumulation
Promotes pY142-H2AX and Apoptosis

The close association between Runx2 and both yH2AX
and pY142-H2AX led us to probe whether Runx2 influ-
ences either phosphorylated species. WB was used to
test how depletion or overexpression of Runx2 affected
YH2AX levels in VSMCs after H,O, treatment (Figure BA;
Figure VA through VD in the Data Supplement). Com-
pared with controls expressing EGFF, VSMCs treated
with shRunx2 exhibited higher YH2AX at baseline and
after H,0, treatment. Conversely, overexpression of
Runx?2 (FL-Runx2) appeared to repress yH2AX, intimat-
ing that either these cells had less DNA damage or that
YH2AX signaling had been attenuated and uncoupled
from actual levels of DNA damage. To delineate this,
comet assays were performed (Figure 5B; Figure VE in
the Data Supplement), which demonstrated high levels
of DNA damage in all samples treated with H,0,, sup-
porting that elevated Runx2 protein acted to repress
YH2AX. Moreover, both depletion and overexpression of
Runx2 caused more DNA damage at baseline, inferring
the DDR had become deregulated in both instances.
Next we explored how Runx2 might affect the relation-
ship between YH2AX and pY142-H2AX as a potential
mechanism that would account for uncoupling of the DDR
and actual DNA damage. Using WB, we quantified how
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Figure 3. The DNA damage response causes enhanced Runx2 (Runt-related transcription factor 2) binding to osteogenic target
gene promoters and changes in nuclear compartmentalization.

A, Polymerase chain reaction (PCR) analysis of Runx2 target promoter chromatin immunoprecipitation (ChlP) assays performed in control
(EGFP [enhanced green fluorescent protein]) or shRunx2 (short hairpin RNA against Runx2)-treated 35F vascular smooth muscle cells
(VSMCs) that were further treated with DMSO (dimethyl sulfoxide), etoposide, or H,O, for 8 d. Anti-Runx2 (abRunx2; D130-3) was used to
precipitate Runx2 and bound chromatin (Ch). abH3 was a positive control and abFLAG was a negative control. B, gPCR (quantitative PCR)
analysis of Ch precipitated from control 35F VSMCs that were further treated with etoposide or H,0, (5-8 d; n=3). C-E, qPCR analysis
from ChIP assays investigating the effect of PARP (poly[ADP-ribose] polymerase; P)34) and ATM (ataxia-telangiectasia mutated; Ku55933)
inhibition on Runx2 binding to /BSP (BSP [bone sialoprotein]), Sp7 (Osterix), and BGLAP (OCN [osteocalcin]) promoter regions in 35F
VSMCs treated with etoposide or H,O, for 5to 10 d. DMSO was used as an NO inhibitor control (n=3). F, Western blot of biochemical
fractionation of 35F VSMCs following 3-h H,O, treatment with or without PJ34. Cells were fractioned into cytosolic (C), nuclear soluble (NS),
and Ch fractions. *£<0.05, **<0.01. MMP9 indicates matrix metalloproteinase 9.

1348  April 2021 Arterioscler Thromb Vasc Biol. 2021;41:1339-1357. DOI: 10.1161/ATVBAHA.120.315206



¥20z ‘s Joquieides uo Aq Bio'sfeulnofeye//:dny wouy papeojumoq

Cobb et al DNA Damage Drives Calcification via Runx2

Merge + DAPI

yH2AX

DMSO

Etoposide

H,0,

Flag

pY142-H2AX  yH2AX

Etoposide

140 WMO05B5150>15
. ey *%
%, 120 T 1 I I 1
25 — 1 |
« % 100 1 t h
5 : : 2
5 E I 7
£§ 80 ¢ T g
wg T :
&% 60 * E
£
4
=i 40
£5
5
35 20
a2
g s]% o] Etoposide H;0, DMSO Etoposide H;0;
+yH2AX +pY142-H2AX

Figure 4. Runx2 (Runt-related transcription factor 2) forms distinct nucleoplasmic structures that are spatially associated with
phosphorylation of histone H2AX on serine 139 (YH2AX) and phosphorylated tyrosine 142 on H2AX (pY142-H2AX).

A, Immunofluorescence (IF) showing FL-Runx2 (recombinant FLAG-tag Runx2; Flag) and YH2AX in 35F vascular smooth muscle cells (VSMCs)
treated with H,O, (3 h). White arrows indicate colocalization. DNA is stained with DAPI (4’,6-diamidino-2-phenylindole; blue). Scale bar=10

pm. B, IF showing endogenous Runx2 and YH2AX in 35F VSMCs treated with DMSO (dimethyl sulfoxide), etoposide, or H,0, (3 h). DNA is
stained with DAPI (blue). White arrows indicate colocalization. Scale bar=10 ym. C, Triple staining IF image showing FL-Runx2, pY142-H2AX,
and YH2AX in a 35F VSMC treated with etoposide (3 h). DNA is stained with DAPI (blue). Yellow arrows indicate colocalization of FL-Runx2
and YH2AX in pockets devoid of pY142-H2AX. Scale bar=10 um. D, Quantification of proximity ligation assays (means from 3 independent
experiments with n>100 cells per experiment) is also shown. Cells were grouped into 0 to 5 (low genomic damage), 5 to 15 (moderate genomic
damage), and >15 foci (high genomic damage)/cell groups. Comparisons were performed on >15 groups. **£<0.01, ***~<0.001.
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Figure 5. Runx2 (Runt-related transcription factor 2) represses phosphorylation of histone H2AX on serine 139 (YH2AX)
following genotoxic stress and promotes retention of phosphorylated tyrosine 142 on H2AX (pY142-H2AX) causing increased
vascular smooth muscle cell (VSMC) apoptosis.

A, Western blot (WB) showing dysregulated YH2AX caused by Runx2 overexpression or depletion in 35F VSMCs at both baseline and after
H,O, (8-h treatment). Lamins AC and p53 were unaffected by Runx2. B, Representative comet assay raw data (Continued)
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both modifications changed in human VSMCs in response
to H,0, treatment and observed that upon application of
stress, a reduction in pY142-H2AX occurred concur-
rently with YH2AX accrual (Figure VF through VH in the
Data Supplement). We then investigated how Runx2 influ-
enced this switch and observed that VSMCs expressing
FL-Runx2 retained more pY142-H2AX after H,0, (Fig-
ure 5C through 5E; Figure VI in the Data Supplement).
Conversely, depletion of Runx2 resulted in less pY142-
H2AX in both stressed and unstressed conditions. Analy-
sis of YH2AX and pY142-H2AX levels in primary VSMCs
derived from smooth muscle—specific Runx2 KO mice
revealed similar findings, with unstressed cells presenting
with higher yH2AX and lower pY142-H2AX compared
with controls and markedly higher YH2AX following H,0,
(Figure VJ through VM in the Data Supplement).

The above data supported a mechanism whereby high
levels of Runx2 favored pY142-H2AX and repressed
YH2AX even when DNA damage was present. As this
configuration is associated with apoptosis via JNK
(c-Jun N-terminal protein kinase) signaling,®® we used
an active caspase-3 assay to assess levels of apopto-
sis and found overexpression of Runx2 led to increased
levels of CC3 (Figure 5F; Figure VN in the Data Supple-
ment). These levels were amplified further when H,0,
was present. Coimmunoprecipitation assays showed that
overexpression of Runx2 increased the amount of JNK
proteins interacting with H2AX (Figure 5G; Figure VO in
the Data Supplement) under genomic stress, which would
be anticipated if Runx2 promotes apoptosis via repres-
sion of the DDR and subsequent recruitment of JNK.*2

Runx2 Is PARylated in Response to Genotoxic
Stress, and PARP Inhibitors Block Its
Localization at Sites of DNA Damage

The marked effect of DDR inhibitors upon Runx2 activ-
ity led us to test whether localization of Runx2 at sites
of DNA damage was affected when DDR signaling was
impaired. As ATM inhibitors would directly suppress
YH2AX phosphorylation, we focused on the effect of
PARP inhibition. To mitigate the anticipated lower lev-
els of Runx2 following PARP inhibition under genotoxic
stress, we investigated interactions between yH2AX
and overexpressed FL-Runx2. We identified significantly
fewer cells that contained >15 interactions between

DNA Damage Drives Calcification via Runx2

YH2AX and FL-Runx2 after etoposide treatment in cells
treated with RJ34 (Figure 6A), implying PARP activity is
involved in Runx2 localization to sites of DNA damage.

Recent evidence has emerged that PARylation of
Runx3 is necessary for its involvement in repair of cross-
links in DNAS®® The two sites within the Runx3 protein
that were previously identified as being subject to PARy-
lation® are conserved within Runx2 (Figure 6B), leading
us to test whether PARylation of Runx2 was responsible
for its increased stability in response to DNA damage. For
this, BBPDAs using beads that attach to covalently bound
PARylated residues* were performed. These experiments
showed that significantly more endogenous Runx2 was
pulled down from VSMCs cultured in calcifying media,
H,0,, or etoposide compared with controls (Figure 6C; Fig-
ure VIA in the Data Supplement) and that PJ34 abolished
this increase in all instances. As late passage presenes-
cent VSMCs exhibit more DNA damage and endogenous
Runx2 accumulation, as well as osteogenic differentia-
tion,® we also tested whether there was more PARylated
Runx2 in these cells, and BBPDAs confirmed this was the
case (Figure VIB and VIC in the Data Supplement).

To further confirm that genomic stress directly induced
PARYylation of Runx2, we repeated BBPDAs in VSMCs
expressing FL-Runx2. This allayed the possibility that the
higher incidence of endogenous PARylated Runx2 pull-
down that was observed was caused by differences in
total Runx2 protein levels resulting from different treat-
ments. As the total input of FL-Runx2 was the same in
stressed or nonstressed cells, any increase in Runx2
pull-down would be evidence of Runx2 PARylation. As
shown in Figure 6D and 6E and Figure VID and VIE in
the Data Supplement, induction of DNA damage by H,0,
or etoposide resulted in increased PARylated Runx2, and
this was abolished in the presence of the PARP inhibi-
tor PJ34. Inhibition of ATM also lowered levels of PARy-
lated FL-Runx?2 after genotoxic stress (Figure 6F; Figure
VIF in the Data Supplement), suggesting ATM activity is
upstream of this modification.

Runx2 Localizes With YH2AX in Calcified
Arteries and Is Essential for Osteogenic Gene
Expression In Vivo

To analyze the relationship between Runx2 and DNA
damage during calcification in vivo,immunohistochemistry

Figure 5 Continued. showing 35F VSMCs expressing either EGFP (enhanced green fluorescent protein; control), FL-Runx2 (recombinant
FLAG-tag Runx2), or shRunx2 (short hairpin RNA against Runx2) and treated for 3 h with DMSO (dimethyl sulfoxide) or H,O,. DNA is stained
with Nancy-520. Scale bar=40 pm. C, WB of YH2AX and pY142-H2AX in 35F VSMCs expressing EGFP, shRunx2, or FL-Runx2 and treated
with H202 for 3 hours. Total H2AX is shown as a control. D, Quantification of band intensities of YH2AX from experiments shown in C. E, WB
of YH2AX and pY142-H2AX in 35F VSMCs expressing EGFP, shRunx2, or FL-Runx2 and treated with H,O, for 3 h. Total H2AX is shown as a
control. F and G, Quantification of band intensities of both YH2AX and pY142-H2AX from experiments shown in E (n=3). F, Data from active
caspase 3 ELISA. 35F VSMCs expressing EGFP, shRunx2, or FL-Runx2 were treated for 3 h with H,0, to determine sensitivity to apoptosis.
Absorbance at 600 nm represents levels of cleaved caspase-3. Staurosporine was used as a positive control for apoptosis (n=3). G, WB of
coimmunoprecipitation assay investigating JNK (c-Jun N-terminal protein kinase) binding to H2AX. 35F VSMCs expressing either EGFP or
FL-Runx2 were treated for 3 h with etoposide before using H2AX as bait to pull-down JNK. The two bands represent JNK1 and 2. */<0.05,
**<0.01. IP indicates immunoprecipitation.
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Figure 6. Runx2 (Runt-related transcription factor 2) is PARylated in response to genotoxic stress.

A, Representative image and quantification of PLAs investigating FL-Runx2 (recombinant FLAG-tag Runx2) interactions with phosphorylation of
histone H2AX on serine 139 in 35F vascular smooth muscle cells (VSMCs) treated for 3 h with etoposide and additional PJ34 treatment (means
from 3 independent experiments with n>100 cells). Scale bar=20 pm. Cells were grouped into 0 to 5 (low genomic damage), 5 to 15 (moderate
genomic damage), and >15 foci (high genomic damage)/cell groups. Comparisons were performed on >15 groups. B, Amino acid sequence
analysis showing hypothesized PARylated regions within Runx3 are conversed within Runx2. C, Western blot (WB) and quantification from
boronate bead pull-down assays (BBPDAs) of endogenous Runx2 from 3 VSMCs isolates treated with calcifying media, H,O, or etoposide for
11 to 14 d. PJ34 treatment was used to assess PARP (poly[ADP-ribose] polymerase) inhibition. $-actin shows lysate input. For quantification, fold
change of Runx2 was normalized to -actin input (n=7). D, WB from BBPDAs of FL-Runx2 expressed in 35F VSMCs treated with or without H,O,
and PJ34 PARP inhibitor (3-h treatments; n=4). E, WB from BBPDAs of FL-Runx2 expressed in 35F VSMCs treated with or without etoposide
and PJ34 PARP inhibitor (3-h treatments; n=5). F, Representative WB from BBPDAs of FL-Runx2 expressed in 35F VSMCs treated with or
without H,0, and Ku55933 ATM (ataxia-telangiectasia mutated) inhibitor (3-h treatments; n=4). *~<0.05. IP indicates immunoprecipitation.
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was performed on the aorta of rats using a model where
calcification is induced by dysregulated mineral metab-
olism caused by chronic renal failure. Calcification
occurred at week 4 after induction, and at this time point,
levels of DNA damage, shown by increased YH2AX and
8-oxodG staining, peaked, as did the accumulation of
nuclear Runx2 (Figure VIIA in the Data Supplement).
Moreover, VSMCs positive for these markers were in
close proximity to calcified regions. At week 8, there was
a reduction in cells positive for Runx2 and DNA damage
markers, which may be explained by apoptosis of Runx2-
positive VSMCs at sites of calcification.

To examine this further in a more dynamic model of
vascular calcification, wild-type (Runx2”) and smooth
muscle—specific Runx2 KO mice (Runx2'M) were treated
with VitD to induce mineral dysregulation and aortic cal-
cification. As anticipated, VitD treatment increased levels
of Runx2 in the aorta of Runx2” mice, but this was greatly
attenuated in Runx2*" mice (Figure 7A; Figure VIIB in
the Data Supplement). Using immunohistochemistry, we
found that VitD treatment induced elevated levels of
DNA damage as shown by increased YH2AX staining
in the aorta of both Runx2” and Runx2*™ (Figure 7B;
Figure VIID in the Data Supplement); however, we were
unable to detect significant alterations in pY142-H2AX
as levels were highly variable (data not shown).

Runx2*™ mice were resistant to calcification as
shown by the absence of von Kossa—positive staining
in the aorta after VitD treatment (Figure 7B) and also
reduced calcium accumulation in o-Cresolphthalein
assays (Figure VIIC in the Data Supplement). Consis-
tent with Runx2 driving apoptosis in response to higher
levels of DNA damage, quantification of CC3 (which
gives a snapshot of apoptosis) showed that VitD caused
a significant increase in apoptotic cells in Runx2” ani-
mals but not in Runx2*" mice (Figure VIIE in the Data
Supplement). Conversely, TUNEL staining revealed high
staining in Runx2*™ mice after VitD treatment (Figure
VIIF in the Data Supplement) most likely indicative of
DNA breaks, which is consistent with sustained and ele-
vated DNA damage due to destabilization of the DDR®
in Runx2*™ mice.

gRT-PCR for Runx2 and its targets in mice with
or without VitD treatment showed Runx2 expression
was low in Runx2*™ mice and modestly increased in
Runx2” mice in response to VitD. Increased expression
of Runx2 targets including Runx2 itself, IBSF, Sp7, and
BGLAP was induced in control animals in response to
VitD but not in Runx2** mice (Figure 7C through 7F).
However, as seen during in vitro studies, other Runx2
targets CDKN1A and MMPS9 showed no difference in
expression between Runx2” or Runx2*™ mice (Figure
VIIG in the Data Supplement). To ascertain whether
increased osteogenic differentiation was associated with
increased PARylation of Runx2, BBPDAs were again

Arterioscler Thromb Vasc Biol. 2021;41:1339-1357 DOI: 10.1161/ATVBAHA.120.315206
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used (Figure 7G). These showed higher levels of PARy-
lated Runx2 in VitD-treated Runx2” mice that were not
observed in Runx2*™ mice, supporting the notion that
genomic stress—induced PARylation of Runx2 leads to
activation of a subset of specific osteogenic targets to
enhance calcification.

DISCUSSION

Runx2 in the DDR and Biomineralization

This study has delineated how Runx2 governs VSMC
phenotype in response to genomic stress and identifies
ATM and PARP signaling as key drivers of calcification.
Runx2 was identified as a component of the DDR where
it localized to sites of DNA damage where its role in regu-
lating H2AX phosphorylation events was tightly coupled
to VSMC osteogenic reprogramming and JNK-mediated
apoptosis. Previous studies have robustly demonstrated
that a combination of VSMC phenotypic switching and
apoptosis work in concert to drive calcification,’¢ but
this study stands alone in implicating Runx2 in driving
both these processes with these activities dependent on
activation of the DDR.

Runx2 Regulates the DDR and Couples It to
Transcriptional Reprogramming

In vitro, agents that caused genotoxic stress acceler-
ated VSMC calcification, and this correlated with Runx2
accumulation and increased osteogenic activity, both of
which were blocked by DDR inhibitors. Similarly in vivo,
calcification induced by dysregulated mineral metabo-
lism due to CKD or VitD overload was associated with
DNA damage and Runx2 accumulation at calcified
sites. This was temporally associated with activation
of osteogenic genes and apoptosis. In the absence of
Runx2, osteogenic differentiation, apoptosis, and calci-
fication were ameliorated.

The accumulation of Runx2 in response to geno-
toxic stress correlated with its PARylation both in vitro
and in vivo in calcified arteries. In vitro studies showed
that this modification was required for its localization to
sites of DNA damage, increased promoter occupancy,
and activation of specific osteogenic targets. Inhibition
of the DDR using either ATM or PARP inhibition blocked
Runx2 localization to sites of DNA damage, osteogenic
responses, and calcification.

Genomic stress led to increased chromatin association
of Runx2 and specific activation of osteogenic targets; how-
ever, the mechanisms linking Runx2 function in the DDR
with osteogenic cell fate are unknown. We ruled out a role
for the DDR-dependent transcriptional cofactor Ku70%
although it is possible that other Runx2-binding partners
may regulate target specificity®” Another plausible expla-
nation could be linked to its association with the nuclear
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Figure 7. Runx2 (Runt-related transcription factor 2) localizes with phosphorylation of histone H2AX on serine 139 (yH2AX) in
calcified arteries, is essential for osteogenic gene expression, and is PARylated in response to vitamin D (VitD) treatment in vivo.
A, Immunofluorescence of Runx2 staining (green) in control (Runx2”) and smooth muscle—specific Runx2 knockout (Runx245") mice aortas treated
with or without VitD. White arrows show enlarged area, scale bar=30 pym. B, Inmunohistochemistry of aorta from the same mice stained for von
Kossa (calcified regions), YH2AX (DNA damage), CC3 (cleaved caspase-3 [apoptosis]), and TUNEL (terminal deoxynucleotidyl transferase dUTP
nick-end labeling) staining (fragmented DNA [C=F] gRT-PCR [quantitative reverse transcription polymerase chain reaction] of Runx2 [Runx2], /IBSP
[BSP (bone sialoprotein)], Sp7 [Osterix], and BGLAP [OCN (osteocalcin)] in Runx2* and Runx2S™ mice aorta treated with or without VitD [n=5]).
G, Boronate bead pull-down assay data showing PARylation of Runx2 in Runx2” and Runx2*5" mice aorta. Representative Western blot (left) and
quantification (right) is shown (n=5). */<0.05, **£<0.01, ***<0.001. IP indicates immunoprecipitation; ns, not significant; and VK, von Kossa stain.
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matrix. This scaffold can regulate chromatin organization
and histone modifications,*®*® which are important for both
transcription and the DDR. Previous studies have shown
that Runx2 can recruit chromatin-modifying proteins includ-
ing BAZ1B (bromodomain adjacent to zinc finger domain,
1B) protein to sites of DNA damage in cancer cells.* In
addition, Runx2 can regulate expression of a number of
epigenetic modifiers including EZH2 (enhancer of zeste
homolog 2)%° that modulate gene expression at multiple
sites across the genome. A combination of these func-
tions might allow global epigenetic modifications to drive
changes in gene expression in response to DNA damage.
Further analysis of Runx2 targets in VSMCs is required to
confirm these mechanisms and target specificity.

Runx2, DDR Signaling, and Apoptosis

Until now, understanding of the involvement of Runx2 in
the DDR has been limited.?4?%6162 Conversely, more precise
functions for Runx1 and 3 have been documented. Both
are PARylated in response to genome damage®*®® and
bind to DNA repair structures. Runx3 has a recognized role
in DNA cross-link repair and interacts with the RecQ heli-
case Bloom syndrome helicase to recruit FANCD2 (Fan-
coni anemia complementation group D2) with this
function being blocked by PARP inhibitors. We observed
that Runx2 is also PARylated following DNA damage, and
this was necessary for its localization to DNA repair sites.
Here, it led to retention of pY 142-H2AX and suppression
of YH2AX levels even after DNA damage induction. The
cophosphorylation of both YH2AX and pY142-H2AX is
associated with DNA repair repression and initiation of
apoptosis through recruitment of the proapoptotic factor
JNK to H2AX® It is thought that duel phosphorylation of
both residues prevents binding of key DNA repair scaf-
fold protein MDC1 (mediator of DNA damage checkpoint
protein 1)% and inhibition of DNA repair. In this scenario,
unrepaired DNA damage will accumulate, and this stimu-
lates JNK translocation into the nucleus and subsequent
phosphorylation of substrates involved in caspase-acti-
vated DNase degradation of DNA, including H2AXS®
This process is mediated by PTB-domain protein Fe65,
which binds to pY142-H2AX under conditions of stress
and recruits JNK*® How Runx2 promotes pY 142-H2AX
under genotoxic stress conditions and induces this apop-
totic pathway remains to be elucidated; however, it would
be important to investigate whether Runx2 influences the
activities of the phosphatase Eya (eyes absent)®® or WSTF
(Williams syndrome transcription factor) kinase,*® both of
which determine Y142-H2AX phosphorylation. Our data
suggested that elevated levels of Runx2 were required to
drive this apoptotic process suggesting that chronically
elevated genotoxic stress, as observed in aging and dis-
ease, might be requisite to induce this activity.

While the precise cue that dictates whether Runx2
favors VSMC osteogenic transition or induction of

Arterioscler Thromb Vasc Biol. 2021;41:1339-1357 DOI: 10.1161/ATVBAHA.120.315206

DNA Damage Drives Calcification via Runx2

apoptosis is not certain, we propose that the amount
and persistence of DNA damage is likely an important
factor, with more and prolonged damage favoring cell
death (Figure VIII in the Data Supplement). Interestingly,
JNK-mediated apoptosis has been documented to be
associated with development,®® so whether proapoptotic
activity of Runx2 is also present in the bone growth plate,
where YH2AX-positive cells have been recorded,* would
be important to investigate as this would suggest that the
coupling of DNA damage, osteogenic transcription, and
apoptosis via Runx2 are also key to bone development.

DDR as a Therapeutic Target for Calcification

In this study, we have underlined a key role for the acti-
vation of Runx2 by genomic stress during vascular
biomineralization. We observed that arresting DDR sig-
naling via either ATM or PARP inhibition blocked DNA
damage—dependent Runx2 PARylation and VSMC cal-
cification, and our data support a model whereby ATM
activity is upstream of the PARPs responsible for PARyla-
tion of Runx2. Previous studies have shown synergistic
activity of these enzymes, in the case of recruitment of
Kif2C (kinesin family member 2C) to DNA damage® and
also in the formation of ATM and PARP1 complexes that
influence cross talk between DDR signaling pathways.®
Although further work is required to determine how these
pathways might intersect during VSMC calcification and
regulate Runx2 activity, our data do highlight the poten-
tial of inhibitors of the DDR as therapeutics for vascular
calcification. In addition, we speculate that DDR activa-
tion of Runx2 may also be important in a number of other
contexts where DNA damage and senescence have been
linked to ectopic calcification including atherosclerosis,®
diabetic vasculopathy,®® age- and radiation-induced aor-
tic stenosis® as well as senescence-associated miner-
alization of skeletal muscle” and connective tissues.?2%3
We also speculate that activation of Runx2 by the DDR
may be important for normal bone formation, but further
exploration into these possibilities is now required. Taken
together, our data indicate that Runx2 exhibits character-
istics of an antagonistic pleiotropic gene, with its important
role during bone development outweighing a detrimental
function as a promoter of ectopic mineralization.
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